The photophysics of singlet excited 5-fluorocytosine (5FC) was studied in steady-state and time-resolved experiments and theoretically by quantum chemical calculations. Femtosecond transient absorption measurements show that replacement of the C5 hydrogen of cytosine by fluorine increases the excited-state lifetime by 2 orders of magnitude from 720 fs to 73 ( 4 ps. Experimental evidence indicates that emission in both compounds originates from a single tautomeric form. The lifetime of 5FC is the same within experimental uncertainty in the solvents ethanol and dimethyl sulfoxide. The insensitivity of the S 1 lifetime to the protic nature of the solvent suggests that proton transfer is not the principal quenching mechanism for the excited state. Excited-state calculations were carried out for the amino-keto tautomer of 5FC, the dominant species in polar environments, in order to understand its longer excited-state lifetime. CASSCF and CAS-PT2 calculations of the excited states show that the minimum energy path connecting the minimum of the 1 π,π* state with the conical intersection responsible for internal conversion has essentially the same energetics for cytosine and 5FC, suggesting that both bases decay nonradiatively by the same mechanism. The dramatic difference in lifetimes may be due to subtle changes along the decay coordinate. A possible reason may be differences in the intramolecular vibrational redistribution rate from the Franck-Condon active, in-plane modes to the out-of-plane modes that must be activated to reach the conical intersection region.
Introduction
DNA damage by solar UV light is responsible for a variety of adverse health effects, including immune suppression, photoaging, and skin cancer. 1, 2 This serious public health problem has been a principal motivation for understanding excited electronic states in nucleic acids. In recent years, considerable progress has been made in characterizing the initial relaxation pathways of single electronically excited bases. 3 Transient absorption [4] [5] [6] and fluorescence upconversion experiments 7-9 using femtosecond laser pulses have revealed that the lifetimes of the lowest excited singlet states (S 1 states) of the naturally occurring bases are sub-picosecond in aqueous solution at room temperature.
A growing number of theoretical studies have now been published that address the mechanism behind ultrafast nonradiative decay in the nucleobases. [10] [11] [12] [13] [14] [15] [16] [17] [18] The excited electronic singlet states of cytosine have been the subject of several computational studies. 10, 14, [16] [17] [18] Based on CASSCF calculations, Ismail et al. 14 proposed that nonradiative decay occurs through a conical intersection accessed after a state switch from the optically prepared 1 π,π* to a close-lying 1 n,π* state. Merchán and Serrano-Andrés 17 later questioned the intermediacy of the 1 n,π* state based on their CAS-PT2//CASSCF study. However, a recent reexamination of the problem at the CAS-PT2// CASSCF level of theory suggests that the path that leads to the conical intersection with the ground state involves interaction between three excited states: the ground state, a 1 π,π* state, and one 1 n,π* state. 18 These calculations give an upper bound of approximately 7 kcal mol -1 to the barrier to access the intersection. Ultrafast nonradiative decay is believed to occur despite this barrier because the barrier top is approximately 12 kcal mol -1 below the Franck-Condon point on the initial excited-state surface. Given the importance of the 1 π,π* and 1 n,π* interaction for the proposed radiationless decay mechanism, any differential shift in the energies of these states could lead to a reduction in their coupling and/or perturb the barrier that limits access to the conical intersection. Such a shift could be accomplished through covalent modification or a change in solvent.
Here we report an in-depth experimental and computational study of nonradiative decay by the singlet excited state of 5-fluorocytosine (5FC). Previously, it was shown that several cytosine derivatives have dramatically lower rates of nonradiative decay than the natural base. 6 5FC was chosen for this study because it differs from cytosine by a single atom substitution, yet has an S 1 lifetime that is longer by 2 orders of magnitude. 5FC was modeled computationally using the same methods previously applied to cytosine. 14, 18 This allows us to address whether the increased lifetime is the result of readily rationalized changes to the excited state potential energy landscape, or whether it results from a fundamentally different radiationless decay mechanism.
Apart from the desire to understand nonradiative decay in the nucleobases, there are practical motivations for studying the interaction of 5FC with light. 5FC has been used for many years as an antifungal drug in humans. Even though photosensitivity is a serious side effect of 5FC therapy, 19 little is known about the photophysical and photochemical properties of 5FC. More recently, 5FC has been widely investigated as a promising prodrug in gene therapy. 20, 21 The prodrug 5FC inhibits DNA and RNA synthesis via its intracytoplasmic conversion to 5-fluorouracil (5FU). Because 5FU is a major photodegradation product of 5FC 22 there is a need to better characterize its excitedstate properties.
Experimental Methods
Transient absorption signals were recorded by the pumpprobe technique using an amplified titanium-sapphire laser system, as described previously. 5, 23 Briefly, pump pulses with a center wavelength of ∼263 nm were obtained from the third harmonic of the laser output. Probe pulses were derived from a white light continuum generated in a 1 cm path length cell filled with water. The difference-frequency mixing signals between the third harmonic pump pulse and the fundamental in the probe arm measured at the sample position had a fwhm of 270 fs. From this measurement, the fwhm of the instrument response function was determined to be ∼190 fs, assuming a Gaussian pulse shape.
Steady-state absorption spectra were recorded using a UV/ vis spectrophotometer (Lambda 25, Perkin-Elmer Corp.). The steady-state fluorescence measurements were performed with a commercial fluorimeter (Fluoromax-3, Jobin Yvon, Inc.). Samples for fluorescence measurements were held in 1 cm path length cuvettes and had optical densities of less than 0.3 at the excitation wavelength. Fluorescence quantum yields were estimated by the comparison method using either rhodamine B in ethanol (φ f ) 0.65 24 ) or 2-naphthol at pH 10 (φ f ) 0.21 25, 26 ) as standards. The slit widths were 2 nm for both excitation and emission monochromators.
All compounds were purchased from Sigma Chemical Company (St. Louis, MO) and used as received. Solutions were prepared with water from a Barnstead International (Dubuque, IA) model D4741 water purification system. Samples were circulated through a fused silica flow cell with a 1 mm path length, using a laboratory gear pump. Solute concentrations were adjusted to produce an absorbance between 1.0 (nonaqueous solutions) and 1.5 (aqueous solutions) in a 1 mm path length at the excitation wavelength of 263 nm.
Measurements at neutral pH conditions (pH ) 6.8) were carried out in buffered solutions, prepared with 0.025 M potassium dihydrogen phosphate and 0.025 M disodium hydrogen phosphate. 23 UV/vis spectra recorded before and after laser data collection showed no evidence of sample degradation.
Computational Details
The CASSCF/6-31G* calculations were carried out with the Gaussian03 program. 27 The CAS-PT2/6-31G* calculations were performed with the MOLCAS program (version 5.2). 28 The active spaces and number of states considered in the calculations are listed in the Supporting Information. A detailed discussion of the choice of active space and the calculation of reaction paths at the CASSCF level appears in the Supporting Information of our previous theoretical cytosine study. 14 Briefly, our study here of singlet excited 5FC consists of optimization of critical points (including the ground-state minimum) and calculation of excited-state minimum-energy paths (MEP) with the IRC method, at the CASSCF level. In addition, the relevant (S 1 /S 0 ) conical intersection is relocated with a linear coordinate calculation at the CAS-PT2 level, and the energetics along the MEP are recalculated at the same level of theory. The same procedure was followed in our recent reexamination of singlet excited cytosine, 18 and the details are described there. The barrier for the alternative decay through the conical intersection between the (n N ,π*) and the ground state ((n N ,π*) Barr ), at the CAS-PT2 level, was determined by calculating the central section of the MEP at the CASSCF(8,7)/6-31G* level and recomputing the CAS-PT2 energetics. The CAS-PT2 barrier for the photochemically induced dissociation of the fluorine-carbon bond ((C-F) Barr ) was determined analogously, calculating the MEP at the CASSCF(8,8)/6-31G* level. Figure 1 compares the absorption spectra of cytosine and 5FC in aqueous solution at pH 6.8. The absorption maximum of the neutral form of 5FC occurs at 36 400 cm -1 (275 nm) and is significantly red shifted compared to cytosine, which has maximum absorption at 37 600 cm -1 (266 nm). Figure 1 also shows the corresponding emission spectra recorded at an excitation wavelength of 263 nm. The emission spectra show no vibrational fine structure in keeping with results for other DNA bases in aqueous solution. 29 Emission from 5FC in ethanol was also recorded, but differs insignificantly from that in water (data not shown). The fluorescence quantum yield of 5FC in aqueous solution at pH 6.8 was determined to be 0.005 (10% estimated random error). Further- more, the fluorescence quantum yield was found to be independent of excitation wavelength over the range studied (265-290 nm). A significantly larger fluorescence Stokes shift of 8600 cm -1 is observed for 5FC, compared to the value of 6500 cm -1 seen for cytosine. This could indicate a large geometry change in the S 1 state or a change in electronic character. These possibilities will be addressed in the discussion section. Figure 2 compares transient absorption signals for cytosine and 5FC pumped at 263 nm and probed at 570 nm. It is clear from this figure that replacing the C5 hydrogen of cytosine by fluorine dramatically increases the excited-state lifetime, as reported previously. 6 Transient absorption signals were recorded at three separate probe wavelengths in pH 6.8 aqueous solution and corrected for two-photon ionization of water, as described elsewhere. 23 A global fit to the corrected transients gave a lifetime of 73 ( 4 ps (Figure 3) .
Results

Steady-State Measurements.
Transient Absorption of 5FC.
The radiative lifetime, τ rad , for 5FC was calculated from the steady-state absorption and emission spectra using the StricklerBerg equation. 30 First, a Gaussian was fit to the lowest energy absorption band plotted vs wavenumbers and used to evaluate the integral over the extinction coefficient in the StricklerBerg equation. Next, the required integral over the emission spectrum was approximated by the cube of the wavenumber of maximum emission, as in our earlier report. 31 The radiative lifetime estimated in this way is 14 ns.
Pump-probe measurements on 5FC were also carried out in two nonaqueous solvents. Figure 4 compares the transient absorption signals at 570 nm in ethanol, DMSO, and water. As shown in this figure, the same lifetime was observed in all solvents within experimental uncertainty. In agreement with this finding, the fluorescence quantum yield was observed to be independent of solvent.
Excited-State Calculations.
To gain insight into the twoorder-of-magnitude difference between the S 1 lifetimes of 5FC and its parent compound, the excited-state potential energy surface of the fluorinated derivative was computed at the CASSCF level of theory, and the energetics recalculated at the CAS-PT2 level. The recalculated CAS-PT2 energy profile along the decay MEP is shown schematically in Figure 5 . The figure shows the relative energies at the relevant critical points for 5FC, with the corresponding values for cytosine in parentheses (see also Table 2 ). The three main parameters that should dominate the decay dynamics, namely the excess vibrational energy (energy difference between the Franck-Condon point and the minimum of the π,π* surface), the barrier to access the intersection from (π,π*) min and the relative energy of (S 1 /S 0 ) x are very similar for the two compounds, with relative differences of less than 2 kcal mol -1 . In addition, the optimized structures for 5FC have bond lengths and angles in the ring which are very similar to the ones in cytosine and are in agreement with the valence-bond structures discussed previously. 14, 18 As discussed in previous theoretical studies on cytosine, 14,18 the nuclear coordinate consists of bond inversion in the ring and pyramidalization of the unsubstituted C6 carbon, and along the final part of the decay the states have a mixed 1 π,π* and 1 n,π* character due to the proximity effect. We conclude that differences in the decay mechanism are unlikely to explain the different fluorescence lifetimes for the two compounds. Indeed, the similar potential energy surfaces revealed by the calculations suggest that they follow a common decay path. In addition to the mixed (π,π*/n O ,π*) path, additional decay paths via the (n N ,π*) state 14 and via fluorine-carbon dissociation were calculated (see Table 2 ). The barrier for the alternative decay through the conical intersection between the (n N ,π*) and the ground state is higher than the one for the first path (9.5 kcal mol -1 for 5FC and 7.8 kcal mol -1 for cytosine). The estimated CAS-PT2 barrier for the photochemically induced fluorine-carbon dissociation is 35.8 kcal mol -1 . From the last result we conclude that photolysis of 5FC is energetically feasible only for excitation energies at least 1 eV higher than the vertical transition energy.
Discussion
No value for the extinction coefficient of neutral 5FC was found in the literature, prompting our measurement. Our value of 5900 M -1 cm -1 at λ max ) 275 nm indicates that 5-fluorination slightly decreases the intensity of the long wavelength absorption band compared to cytosine ( ) 6100 M -1 cm -1 at λ max ) 266 nm 32 ). The same trend is seen for the nucleoside of 5FC: The extinction coefficient for 5-fluorocytidine is 8060 M -1 cm -1 at λ max ) 281 nm, 33 compared to 9100 M -1 cm -1 at λ max ) 271 nm for cytidine. 32 Substitution of hydrogen by fluorine significantly increases the S 1 lifetime of cytosine 6 at pH 6.8 from 720 fs to 73 ( 4 ps. Malone et al. 6 reported a lifetime of 88 ( 5 ps. In that study, the two-photon ionization of water was modeled by a constant offset and was not subtracted by the more rigorous procedure used in this and our other recent works. 23, 34 The value reported here is more accurate in our opinion because the new subtraction procedure correctly accounts for the dynamics of the water ionization signal, which has decay components similar in magnitude to the S 1 lifetime.
The fluorescence quantum yield of 5FC is ≈60 times greater than the quantum yield reported for cytosine by Daniels and Hauswirth 35 (φ f ) 8 × 10 -5 ). Although fluorescence from 5FC has not been reported previously to the best of our knowledge, fluorescence from the 5FC anion generated in alkaline solution has been used as an assay for 5FC concentrations in blood. 36, 37 The increased quantum yield of 5FC indicates that the more slowly decaying signals seen in the transient absorption measurements are indeed attributable to the fluorescent excited state. This is also supported by the calculated radiative lifetime of 14 ns. Combining this value with the measured fluorescence quantum yield of 0.005 gives a predicted fluorescence lifetime of 70 ps, in excellent agreement with the experimental value. It was shown previously that the experimentally measured S 1 lifetimes of the natural bases generally agree very well with ones calculated from the Strickler-Berg equation. 31 This good agreement provides strong evidence that the emission from 5FC is entirely from the 1 π,π* state prepared by optical excitation. It thus rules out other potential excited-state quenching mechanisms such as prompt carbon-fluorine photodissociation. As discussed above, calculations show that carbon-fluorine scission is unlikely on energetic grounds.
Calculations were performed exclusively on the amino-keto tautomers of cytosine and 5FC (structures shown in Figure 1 ). There is consensus in the literature that these are the lowest energy tautomers in a polar environment. 38, 39 Occasionally, emission from a nucleobase is dominated by fluorescence from a minor tautomer. For example, 7H-adenine, although present in low concentration in an aqueous solution of adenine, is responsible for nearly all of the emission. 23, 40 We considered whether a minor tautomer, which may be much more abundant for 5FC than for cytosine, could account for the increased lifetime of the former compound.
Several considerations allow us to rule out fluorescence from a minor tautomer in the case of 5FC. First, good agreement of the experimentally measured fluorescence lifetime with the one calculated from Strickler-Berg analysis is consistent with emission by nearly 100% of the excited molecules. Second, our previous work with adenine has shown that decays corresponding to individual tautomers with different fluorescence lifetimes are easily resolved in femtosecond transient absorption experiments. 23 A less fluorescent tautomer would have been observable as a fast decay component, yet all of our signals can be fit by a single exponential, consistent with a single tautomer. Third, moderate changes in solvent polarity should have a relatively small effect on the concentration and properties of the major tautomer, but a large effect on minor ones. In the present experiments, the fluorescence lifetime and quantum yield do not vary with solvent polarity as seen in Figure 4 . Finally, emission by 5FC is independent of excitation wavelength. Because the absorption spectra of different tautomers are slightly shifted with respect to each other, varying the excitation wavelength leads to changes in the fluorescence quantum yield, as seen for adenine. 40 The photophysical properties of 5FC thus reflect the excited-state dynamics of a single predominant species, the amino-keto tautomer.
The CAS-PT2 calculations predict only a small decrease of 0.06 eV for the vertical excitation energy of 5FC compared to cytosine. Experimentally, a somewhat larger decrease is observed. There are no other published calculations on 5FC to compare these results with; however, the vertical singlet-triplet energy gap of uracil was observed to decrease by 0.2 eV in DFT calculations comparing 5FU with uracil. 41 The absolute transition energies computed for 5FC and cytosine using the CAS-PT2 method compare favorably with experiment (see Table 1 ).
The Stokes shift was calculated as the difference between the vertical transition energy for absorption and the vertical transition energy for (relaxed) emission. The latter quantity is (S2/S1)x -12.0 (-10.9) (S1/S0)x -16.5 (-18.1) (nN,π*)Barr -9.0 (-9.7) (nN,π*)CI -14.5 (-15.6) (C-F)barr e 16.6 (-) a Structures optimized at CASSCF/6-31G* level, energies calculated at CAS-PT2/6-31G* level of theory. Energetics for cytosine shown in parentheses. b Energy relative to vertical excitation of (π,π*) spectroscopic state. c Corresponds to 3.64 eV 0-0 transition (band origin). d Corresponds to 3.74 eV 0-0 transition (band origin).
e Barrier for C-F dissociation. just the energy difference between the S 1 and S 0 surfaces, evaluated at the geometry of (π,π*) min . CAS-PT2 calculations gave 2.52 eV for the vertical emission energy of cytosine and 2.38 eV for 5FC. The calculated Stokes shift for 5FC is larger than for cytosine, consistent with the experimental trend, but the absolute values are twice as large ( Table 3 ). The poor agreement can be rationalized by the flatness of the S 1 surface in a region of nuclear coordinate space where the S 0 surface is rising sharply in energy. Thus, uncertainties in precisely locating the 1 π,π* minimum give rise to large uncertainties in the calculated emission energy.
We now turn our attention to the primary objective of this work, which is to ascertain the reasons for the much longer lifetime of 5FC. The question arises whether a change in the nonradiative decay mechanism takes place upon substitution at C5. If proton transfer in the excited state were the rate-limiting step, then fluorination, which frequently leads to profound changes in acid/base properties, could profoundly influence the decay dynamics. For this reason, 5FC was studied in ethanol and dimethyl sulfoxide (DMSO), and the results were compared with those in water. Ethanol is a hydrogen-bonding solvent of lower polarity than water, while DMSO is a weakly basic, polar, aprotic solvent. The transient absorption signals were the same in all three solvents within experimental uncertainty, suggesting that there is no significant solvent coordinate in the decay. This behavior contrasts with the pronounced solvent effects frequently observed for intermolecular excited-state proton transfer. 42 Because of the lack of experimental evidence for excited-state proton transfer, this decay pathway was not studied computationally. Experimental evidence inconsistent with excited-state proton transfer was previously reported for adenine. 23 Finally, the fact that similar dynamics are observed in aqueous and nonaqueous solvents is consistent with the sole presence of the neutral form of 5FC. 43 On the basis of the present CASSCF/CAS-PT2 calculations, cytosine and its 5-fluorinated derivative appear to decay by a common mechanism that requires passage over a low barrier to reach a conical intersection with the ground state. In principle, the increase of fluorescence lifetime in 5FC could be due to a larger barrier height along the decay path, or to a smaller excess vibrational energy, compared to cytosine. However, the calculated values for the two compounds are approximately the same, within the accuracy of the calculations. Therefore, the key to understanding the very different rates of nonradiative decay could be the flow of energy from the Franck-Condon active modes to the modes responsible for barrier crossing. In the present case, this would mean intramolecular vibrational energy redistribution (IVR) from the in-plane modes corresponding to bond-inversion, which are activated along the decay coordinate to (π,π*) min , to out-of-plane modes, corresponding to pyramidalization of C6. According to this hypothesis, the rate at which energy is reorganized from the Franck-Condon active modes into the coordinates responsible for motion toward the conical intersection would be much faster for cytosine than for 5FC. In fact, Leitner and Wolynes have emphasized the importance of dynamical corrections to isomerization reactions, particularly those with low barriers. 44 However, it is unclear how the presence of a fluorine atom on a carbon atom adjacent to the one undergoing pyramidalization can affect IVR so drastically as to change the fluorescence lifetime by 2 orders of magnitude. Dynamical simulations of energy flow due to IVR and vibrational energy transfer to the solvent could provide further insight.
Alternative explanations for the different fluorescence lifetimes are possible. One such explanation could be inaccuracies in the calculated potential energy surfaces. Here the calculated barriers are only upper bounds to the actual values, since they were determined using CAS-PT2 single-point calculations and were not optimized at that level. The close agreement between the calculated barriers along the decay path for the two compounds could therefore be accidental. Because of these inaccuracies, we cannot exclude that the barrier for 5FC is actually higher than the one for cytosine, contributing to its longer fluorescence lifetime. Solvation effects, which were not included in the present calculations, are a further possibility. On the other hand, the effect of the alternative path via the (n N ,π*) state in the different photophysics appears to be small. For cytosine, the mixed (π,π*/n O ,π*) path is preferred by 1.2 kcal mol -1 (see Table 2 ), while the difference for 5FC is higher (3.0 kcal mol -1 ). Thus a fraction of excited cytosine molecules may decay along the (n N ,π*) path, but this path should be virtually suppressed for 5FC. However, since only a small fraction of cytosine molecules will follow this decay route, the (n N ,π*) path can account at best for a small part of the total decay.
Conclusions
Substitution of hydrogen at C5 by fluorine increases the singlet excited-state lifetime by a factor of 100. In aqueous solution, the emission from 5FC is independent of excitation wavelength between 265 and 290 nm, and the measured fluorescence lifetime is in good agreement with the value predicted from Strickler-Berg analysis. These observations are consistent with the presence of a single tautomer, which emits from its lowest energy 1 π,π* state. Past work 38, 39 indicates that this tautomer is the amino-keto form. Calculations suggest that the amino-keto tautomers of 5FC and cytosine decay by the same radiationless decay mechanism. However, the energetics along the decay path are very similar, and the calculations cannot explain the different fluorescence lifetimes. A possible reason may be that the present level of theory is not accurate enough to reproduce eventual differences in the energies along the path. A further hypothesis is that the two molecules have different rates of energy flow into the out-of-plane modes that must be excited to access the conical intersection responsible for the decay. However, dynamical calculations necessary to assess this possibility are beyond the scope of this paper. Finally, the greater fluorescence of 5FC and the possibility of exciting this modified base at longer wavelengths may offer novel possibilities for studying electronic energy relaxation in base multimers. 
